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Introduction
The gasification of wood has been successfully demonstrated in numerous conversion plants throughout Europe. In comparison, the experience with other biomass fuels is limited as the performance of a gasifier is affected by biomass type [1] . Straw is a prime example where a lack of engineering expertise relating to its gasification characteristics has been identified [1] . The technical reliability of straw gasification systems has been classified as low, outranked marginally by sludge and significantly by woody biomass which has the highest reliability. These reliability issues are associated with severe problems of ash sintering and bed agglomeration [2] which are influenced by the composition of the fuel . Ash-related problems have been identified as the main obstacle to the realisation of viable and economic applications of biomass gasification [3] . Bed agglomeration is often a precursor to the unscheduled shut-down of fluidised bed gasifiers [4] and is the foremost ash-related problem affecting the performance of fluidised beds. The alkali content of the biomass is seen as the main contributor [5] .
The two major pathways to agglomeration are melt-induced and coating-induced agglomeration [6] . The less common melt-induced process relates to particles adhering together by a molten phase whose chemical structure is similar to that of the fuel ash [7] . This mechanism is associated predominantly with fuels with elevated alkali, sulphur, and chlorine contents which form low melting point eutectics [6] . The more typical coatinginduced mechanism involves a sticky layer forming on the surface of particles and fusing individual particles together [6] . The sintering of these coatings initiates agglomeration and where ash melting does not occur, full agglomeration proceeds [7, 8] . This process is associated with the reaction of alkalis with silica or sulphur. Reactions between alkali and alkali metals (mainly potassium) and the bed material of silica sand have been reported as initiating this coating process [8] but there have been conflicting views [6] .
A fuel's tendency to cause agglomeration is mainly dependent on temperature and the ash composition and content of the fuel. Temperature is known to have a significant impact on the agglomeration process and has been highlighted as the most important parameter in fluidised bed gasifiers, with higher temperatures increasing agglomeration tendencies [3] .
Temperature uniformity is important in combating agglomeration. Fluidised bed reactors, with their relatively low operating temperatures and isothermal operating conditions [9] , are therefore attractive for use with fuels which pose ash-related problems. Slagging is generally associated with fuels with ash contents which exceed 5-6% and severe slagging may prevail when ash contents are greater than 12%.
Compared to the influence of temperature, the effects of ash composition are less well understood. Generalised estimates have been established and utilised to develop indices to predict agglomeration tendencies on the basis of a fuel's ash composition and content. The reliability of such indices has, however, been questioned [7] as they do not take account of the influence of the bed material on the process. For example, the ash fusion temperature is seen as not predicting agglomeration in all cases and although it is widely employed, the standard American Society for Testing and Materials (ASTM) ash fusion test [10] is inadequate for predicting ash-related problems for biomass and energy crops [11] . With this in mind such indices should be used only as a general guide to ash behaviour.
Widely-adopted predictive indices include the Alkali Index, the Bed Agglomeration Index, and the Base to Acid Ratio. The Alkali Index is based on the ratio of K 2 O and Na 2 O to the higher heating value (HHV) and is calculated as follows: where VM = volatile matter content; and FC = fixed carbon content, each reported on a dry basis.
Agglomeration is also associated with Bed Agglomeration Index (BAI) values of lower than 0.15 [13] . The BAI is calculated as:
Another index widely used to predict the ash behaviour of a fuel is the Base to Acid Ratio (R b/a) . It was developed for fossil fuels with low phosphorous quantities and in its original form does not take account of the increased fouling tendencies associated with phosphorous in the form of P 2 O 5 . As the P 2 O 5 content of biomass fuels is relatively high the calculation has been modified as follows to take P 2 O 5 into account Kupka et al. [14] :
The greater the value of the R b/a the higher the likelihood of ash-related problems. A low deposition tendency has been associated with R b/a values less than 0.5; a medium deposition tendency with R b/a values between 0.5 and 1; and a high deposition tendency with R b/a values greater than 1 [13] .
The focus of this research work is the agglomeration process during the gasification of wheat straw in a small scale, air blown bubbling fluidised bed gasifier. The agglomerates formed were examined in terms of their quantity, structure, and composition with the aid of scanning electron microscopy (SEM) and energy dispersive X-ray spectrometry (in literature energy dispersive X-ray spectrometry has been abbreviated to both EDX and EDS. In this text it will be referred to as EDS). The ability to accurately predict agglomeration from the ash content and composition of the fuel through use of the Alkali Index, the Bed Agglomeration Index, and the Base to Acid Ratio was also investigated.
Materials and Methods

Apparatus and Operating Conditions
A bubbling fluidised bed (BFB) gasifier developed by Texas A&M University ( [15] , United
States Patent number 4,848,249) was used to study the gasification characteristics of wheat straw. The gasifier was designed to accommodate cotton gin trash and similar biomass without the need for pre-conditioning [15] . A range of feedstocks in a variety of particle sizes have been successfully gasified to date including poultry litter, wood chips, cotton gin trash, dairy manure, sorghum, and switchgrass [15] [16] [17] . The gasification agent utilised in all studies was air. The design power output of the gasifier was set at approximately 73 kW based on the heating value of the producer gas from the gasification of cotton gin trash.
A natural gas burner is employed to preheat the air to the gasifier to reach operating temperatures. Bubble caps are adopted in place of the previous twin distributor plate arrangement. The fuel is fed into the gasifier via an auger system; an optical counter is used to measure the rotational speed of the auger feeding the fuel directly into the bottom of the bed, close to the distribution plate. This feed configuration minimises segregation of the fuel from the bed which can have a detrimental effect on the performance of a gasifier:
segregation of the fuel from the bed is linked to higher levels of tar, reduced carbon conversion efficiency, and potentially increased agglomeration [18] . Fuel segregation is known to occur with straw and it is recommended that the fuel be fed directly into the bed [18] .
The producer gas exiting the gasifier passes through two cyclones in series which are constructed from cast refractory material. The first cyclone is designed to reduce the particulate loading to a maximum of 3 gm -3 and the second to a maximum of 0.5 gm Table 1 . After each gasification test the gasifier was cooled by stopping the flow of biomass into the reactor while allowing the cooling air to continue to flow through the reactor to maintain fluidisation and to allow the auto-ignition temperature inside the reactor to fall below 500 C. Once the temperature inside the reactor had fallen below 500
C the air blower system was shut down. The bed temperature is taken as the average of the readings from thermocouples T2, T3, and T4
Feedstock and Bed Material
Wheat straw sourced in Texas, United States of America, was utilised for all experiments.
Proximate and ultimate analyses of the fuel were conducted in accordance with Maglinao and Capareda [17] . To allow for ready fuel feeding into the gasifier, a hammer mill was used to reduce the size of the fuel to enhance feeding.
Mullite, an alumina sand which has been used to counteract agglomeration tendencies in fluidised beds [19] , was used as bed material. Its adoption has seen the successful gasification of wheat straw in a BFB gasifier of novel dual distributor type design at temperatures greater than 900 °C [19] . The Mulcoa 47 mullite, procured from C-E Minerals (Roswell, GA), was passed through a 425 µm USA standard sieve meeting ASTM E 11 specification and the gasifier was filled to just below the disengagement zone, equal to 40 kg of bed material added to the gasifier; the height of bed materials in the gasifier was 0.500 m. Fresh bed material was used for each run. The particle size distribution of the mullite is shown in Table 2 . 
Procedures
The tests commenced by fluidising the mullite bed by gradually increasing the volume flow rate of air entering the gasifier until a decrease in total pressure drop followed by its characteristic flattening out was evident. At this point the bed was fully fluidised and bubbling vigorously. Before fuel feeding commenced the temperature of the gasifier was increased by preheating the air with a natural gas burner. The superficial gas velocity was set at 0.27 ms -1 and was maintained throughout the experiment.
After fuel feeding had commenced and the gas burner had been turned off, the fuel feed rate was steadily decreased to obtain the desired operating conditions of temperature and equivalence ratio (ER). For the first two tests the target temperature was 700 °C and an average fuel feeding rate of approximately 0.40 kg straw min -1 was maintained. For the third test the target temperature was lower to avoid loss of isothermal conditions: the fuel feed was initiated when the target temperature of 620 °C was reached and the fuel was fed at an initial ER of approximately 0.35 before being reduced to 0.15 over a short period of time. Fuel feed rates were gradually altered to an average fuel feeding rate of 0.90 kg straw min -1 once conditions stabilised.
The design of the gasifier did not allow for ash to be removed directly from the gasifier chamber for inventory control. During operation the level of char in the collection bins located at the bottom of each cyclone was continuously monitored and emptied when required. The char was transferred to stainless steel containers which were sealed to reduce air exposure and the potential oxidation of the hot char.
Ashing for ultimate analysis was conducted at 550 and 750 C. Although lower than the typical ashing temperature of between 580 and 600 C utilised for biomass, the temperature of 550 C was adopted to minimise the loss of ash components in line with observations by Fernández Llorente and Carrasco García [21] who suggested an ashing temperature of 500 to 550 C for herbaceous and woody biomasses. It is also in line with the ashing temperature recommended for straw by the International Energy
Agency [22] . The higher temperature of 750 °C corresponds to measurements in accordance with ASTM standard E 1755-01 and was used for all predictive indices calculations in this study.
Following each gasification test and when the gasifier had cooled, bed material was removed using a vacuum and a wire brush to dislodge any material that had adhered to the walls of the reactor. This material was captured in an expandable device comprising of a circular layer of plastic mounted on an arm which could be lowered into the reactor, expanded to cover its entire cross section and capture the material that had been removed from the walls, then collapsed and withdrawn from the reactor. The material removed from the reactor was passed through a 1.7 mm USA standard sieve meeting ASTM E 11 specification to segregate agglomerates from the bed material for analysis.
Agglomerates from each distinct group were examined using SEM and EDS analyses. 
Results and Discussion
Feedstock
The proximate and ultimate analyses of the wheat straw utilised in the gasification experiments are reported in Table 3 . The results are compared to the composition of Irish wheat straw as reported by Caslin and Finnan [23] : it is evident that with the exception of ash content the straws are very similar. The ash content, at just under 11 wt% on a dry basis, is higher than that of woody biomass for which ash contents as low as 2.5% have been reported [24] . Figure 1 compares the ash content observed in this work to those reported for wheat straws in other experiments. Figure 1: Ash content of wheat straw as determined at different ashing temperatures. Dutch wheat straw [7] ; Texan wheat straw (this study); Wheat straw (origin unspecified [21] ); Californian wheat straw [25] ; Unweathered Danish straw [7] ; Weathered Danish wheat straw [7] .
Ash analysis
Results of the ash elemental analyses at both 550 and 750 C are reported in Table 4 .
The main components of the straw were observed to be silicon, potassium, and calcium as was reported by Olanders and Steenari [24] . reduced by 5% at the higher temperature. As was observed in other studies, for the temperatures investigated in this study a strong linear inverse correlation between temperature and ash quantity was observed ( The ultimate analysis of the wheat straw utilised in this study showed high levels of silica and potassium and low levels of calcium. This is in comparison to the reported concentrations of these elements in woody biomass ash (SiO 2 : min. [26] . The composition of the ash generated in this experimental work follows this pattern with the exception of P 2 O 5 and MgO, which are reversed and is the order reported for herbaceous and agricultural biomass and herbaceous and agricultural grass [26] . Table 5 provides a comparison of the indicators used to predict bed agglomeration during gasification in BFBs similar to that used in this study. It can be seen that the ash content of the fuel, Alkali Index and Base to Acid Ratio of the wheat straw fuel indicate that ash-related problems are likely to occur during its gasification. Although agglomeration during gasification was evident for all fuels presented in Table 5 , the calculated indices show a lesser probability of agglomeration occurring than for the wheat straw used in this study. Only one indicator, the Alkali Index, highlighted ashrelated problems for the other fuels. The Alkali Index did not highlight likely agglomeration for cane trash which was indicated by the R b/a value for this fuel. At 8 wt%, the ash content of olive fuel lies in the region in which agglomeration is dependent on the ash composition. With no other index pointing to ash problems, this suggests that the agglomeration observed during its gasification is not predictable from the use of the indices presented in Table 5 .
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Defluidisation
Defluidisation of silica sand during fluidised bed combustion of biomass can be identified by pronounced and sudden pressure decreases across the bed accompanied by significant temperature increases in the lower freeboard [30] . The data indicate that temperature alignments within the bed point to the onset of defluidisation at approximately 750 °C. This temperature aligns with that observed by Salour et al [18] who associated the successful gasification of wheat straw with temperatures below 760 °C. It is somewhat lower than the typical agglomeration temperature associated with the gasification of wheat straw (between 800 and 850 °C) reported by Turn et al. [31] . Table 6 compares the observations regarding agglomeration of individual studies reported in the literature to those observed in this study. It can be seen that beyond 800 °C a combination of reactor design and bed material measures were required to avoid defluidisation: gasifiers with simplistic single distributor plate designs and silica sand as bed material were no longer suitable. In contrast, operation without agglomeration has been reported up to 800 °C with the use of an allothermal fluidised bed [32] though no bed material was adopted in this instance. The highest successful gasification temperature without agglomeration of 920 °C was reported by Ergudenler and Ghaly [19] : this was achieved with the use of mullite and a dual distributor type fluidised bed gasifier. Table 7 provides a description of the appearance and mechanical integrity of the particles collected from the bed after the gasifier had cooled. It is evident that the majority of particles consisted of bed material bonded together. The remaining particles appeared to consist of single individual particles which were typically hard and which varied in colour.
Agglomerates
Visual Inspection
Particles approaching the colour of terracotta could indicate mild agglomeration [19] . In contrast, the presence of grey particles point to a greater degree of agglomeration while the green colouration evident in particles collected from Run 1 may indicate ash melting [19] . In Runs 2 and 3 the vast majority (95 wt%) of agglomerates collected were clusters of bed material bonded by a carbon black matrix; in contrast only 6 wt% of the agglomerates collected in Run 1 showed this structure. The carbon black appearance indicates the presence of unconverted char. An example of such an agglomerate formed in Run 1 is illustrated in Figure 5 which shows the bed material wholly and partially embedded in a porous binding material. Higher magnification of the bed particle, both fused into the porous binding melt and connected to other bed particles via neck-like bonds, revealed its surface to be primarily covered in particles with areas of smooth material: increasing to 16,774 times magnification ( Figure 5 (b) ) revealed particles encased under the surface of the smooth material which suggests their progressive encasement into the smooth material.
SEM and EDS Analysis
Analysis of the porous binding material revealed a smoother surface than that coating the surface of the bed material ( Figure 5 (c) ). Particles were observed to be adhered to its surface but there was no sign of progressive embedment present.
Examination of a cross section of the porous binding material showed that the smooth and porous nature continues throughout the structure ( Figure 5 (d) ). It was observed that chambers rather than channels led to the porous-like appearance and that particles were adhered to the walls of these chambers. EDS analysis of the agglomerate indicated the presence of K, Al, and Si at the surface ( Figure 5 Terracotta-coloured particles were collected from each of the three gasification tests. SEM analysis of the terracotta particles collected from Run 1 revealed a largely smooth surface.
EDS analysis indicated the presence of K, Ca, and Si. Particles and holes were scattered across the surface and small features that were relatively rough were evident. Under high magnification (28,113 times) it was evident that these features consisted of particles fused together ( Figure 7 (a) ). Larger expanses of rough surface were also evident which showed a transition from the smooth areas, with particles partially embedded into a relatively homogenous fused surface (Figure 7 (b) ). Particles were also visible under the coating's surface: K, Al, and Si were identified in these areas by EDS analysis. Under high magnification (31,358 and 96,776 times) globules were apparent on the surface of the fused surface.
SEM analysis of the terracotta particles collected from Run 2 showed an outer surface that had a layered structure with areas of relatively flat layers as well as areas consisting of more granular material. Within the flat layers EDS analysis revealed the presence of K, Ca, Mg, Al, and Si; EDS analysis of the cross section showed the presence of the same elements.
Particles were also collected in Run 2 which approached the colour of terracotta but which were considerably darker than the particles collected in Run 1. Through SEM analysis the outer surface was seen to be rough and built progressively of layers of relatively flat material ( Figure 7 (c) ). Some cracks were observed in the surface of the particle; the fracture mechanism of the particles suggests a laminar structure (Figure 7 (d) ). The cross section of the particle showed that it consisted of a relatively smooth material and EDS analysis revealed the presence of Ca and Si. It is evident from the EDS analysis of the agglomerates that the material bonding together the bed particles of the alumina sand had a porous structure. This structure was not only present in the relatively thick coatings which, in some instances, fully encased the bed material but was also observed within a neck-like bond connecting two bed particles. The connection of bed material via neck-like bonds is characteristic of viscous sintering or coating-induced agglomeration. The glassy appearance of the bonded particles is in line with the highly viscous melt formed in coating [7] that can remain in a glassy phase at temperatures below its solidus value [6] . Such bonds were observed by Arvelakis et al [8] where a sticky layer containing potassium led to agglomeration. That the agglomerates consisted of only two particles agrees with results reported by Fryda et al [6] who noted agglomerates consisting of two or three particles being produced by coating-induced agglomeration after the gasification of giant reed and sorghum. Fryda et al [6] reported a porous structure in the case of ash melting, however this was not evident in this experimental work.
The presence of porous structures, though not described by the authors, is evident in SEM analysis presented by Öhman and Nordin [35] and Zevenhoven-Onderwater et al [11] . The porosity in those cases appears much less pronounced than was observed in this study. The porous structure indicates that sufficient time was not available for the bond to homogenise further and reduce its surface energy [7] . Its high porosity also suggests that the bonds are examples of the early stages of agglomerate formation.
Coating-induced agglomeration is associated with the reaction of alkali metals with silica. This is consistent with the results of the EDS analysis of the coating on the bed particles and the neck-like bond between them. Specifically, EDS of the surface of the particle coating revealed the presence of K, Ca, Mg, Al, and Si. In the case of the neck K, Ca, and Si were present. This corresponds with the findings of Zevenhoven-Onderwater et al [11] who reported the main elements of the bridges and coatings of agglomerates as Si, K, and Ca and of Bartels et al. [36] who suggested that K and Na were associated with agglomeration in fluidised beds due to the formation of low-melting silicates.
EDS analysis highlighted the homogenisation of coating layers and the progressive encasement of particles. High magnification revealed this to occur not only in the relatively rough areas of the coating but also in those areas that appear smooth and homogenous at relatively low magnification. This fits with the three step agglomeration model suggested by Öhman and Nordin [35] who postulated that agglomeration was initiated by ash deposition and the homogenisation and strengthening through sintering of the innermost region of this ash coating. In the gasification of various biomass fuels the inner homogenous layer has been identified as consisting primarily of K-Ca-silicates and the outer layer as being particlerich [35] . All EDS readings performed in this experimental work indicated the presence of K and Si. EDS also highlighted the general presence of Ca in coatings and bonds between particles of agglomerates.
Conclusions
The ashing of wheat straw at various temperatures showed a reduction in the quantity of ash recovered with increasing temperatures (550 -750 C), a trend which was also evident in other studies. This illustrates the importance of conducting ashing in a consistent fashion.
Ash analysis from this study was used to calculate the Alkali Index, Bed Agglomeration Index, and the Base to Acid Ratio agglomeration indices for wheat straw, and for comparison these indices were also calculated for fuels that were observed to cause agglomeration in other gasification studies. The indices were observed to not predict agglomeration in all cases; indeed, in no case did all indices correctly predict agglomeration.
The Alkali Index was found to be the most successful indicator, predicting agglomeration for 7 of the 9 fuels where agglomeration occurred. It also predicted agglomeration for the wheat straw gasified in this study.
During the gasification with air of wheat straw it was observed that the temperatures along the height of the small scale BFB aligned prior to any marked drop in pressure or heating of the lower freeboard, which is characteristic of bed channelling and stratified combustion of biomass above the bed. This convergence was seen to occur in separate gasification experiments at temperatures close to 750 °C. This is low given the use of mullite as bed material, however assessment of other gasification studies indicates that in order to avoid agglomeration at temperatures greater than 800 °C use of alternative bed material alone is insufficient and reactor design must also be considered.
Inspection of the agglomerates formed during the gasification experiments showed that the majority of the agglomerates consisted of individual bed particles bonded together. SEM analysis revealed that the bed particles were connected via neck-like bonds or were embedded either partially or fully into a bonding matrix. SEM analysis of the agglomerates formed identified a porous structure to the material bonding the bed particles together. The extent of the porosity suggests that the bonds are examples of the early stages of agglomerate formation. This structure was not only present in the relatively thick coatings but was also observed within neck-like bonds connecting bed particles. The presence of neck-like bonds indicate viscous sintering or coating-induced agglomeration which is the more commonly reported agglomeration mechanism. Coating-induced agglomeration is associated with the reaction of alkali metals with silica, and EDS analysis indicated the presence of K, Ca, Mg, Al, and Si in the coating of the bed particles and K, Ca, and Si in the neck-like bonds which is consistent with this method of agglomeration.
Further SEM analysis under higher magnification revealed the coatings of agglomerates to have a layered structure, where ash particles were subsumed into a fused material. This aligns with the three step agglomeration model postulated by Öhman and Nordin [35] where agglomeration commences with ash deposition followed by homogenisation and strengthening through sintering of the innermost region of this ash coating. With EDS analysis indicating the presence of K and Si both on the surface and within the cross section of all agglomerates and the general presence of Ca in coatings and bonds between particles of agglomerates, the results also align with those from other studies highlighting that the inner homogenous layer consists primarily of K-Ca-silicates.
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